we present the results of studies of vermiculite concrete composites with various silica components such as cinder, tuff sand and volcanic ash for fire protection of building structures. The study shows that introduction of saponified wood resin into the vermiculite concrete mixture improves its rheological properties and reduces the average density of the composite. Portland cement can replace up to 20-25% of the mass of ash, tuff sand and cinder without significant deterioration of the properties of vermiculite concrete. Dispersed basalt fiber reinforcement of cement vermiculite concrete increases the strength and fire-resistant properties of the initial matrix.
INTRODUCTION
The statistics show annual growth in number of fires in Russia and abroad. About 10 million fires are reported each year. Fires cause the death of more than 65 thousand people and the injury of 250 thousand people per year. Property damage from fires amounts to hundreds of billions of rubles.
The collapse of building structures is the main cause of the death and damage from fires. This is due to the fact that thinwalled reinforced concrete structures made of high-strength concrete are increasingly being used in the construction of modern buildings [1] [2] [3] . An effective way to increase the fire resistance of building structures is the application of heatshielding coatings with exfoliated vermiculite and perlite [4] [5] [6] [7] . Their efficiency for fire protection of building structures increases with simultaneous performance of thermal, acoustic and decorative functions.
The disadvantages of fire-resistant compositions are high consumption of binder, a relatively high coefficient of thermal conductivity at high temperatures, and low heat resistance.
Various silica components, including cinder from the heat and power plant, volcanic tuff sawing waste, and volcanic ash can be an effective replacement of part of the binder and aggregate for fire-resistant compositions.
The study aimed to develop effective fire-resistant vermiculite concrete composites with improved physicomechanical properties using various silica components.
II. METHODS AND MATERIALS
The following materials were used as binders in the study:
 Portland cement PC 500-DO of Belgorodsky Cement JSC;
 gypsum binder (G4-II-A);
 air quicklime calcium powder of the 3 grade of Zayukovsky deposit.
The exfoliated vermiculite of 0.16-5 mm fraction of the St. Petersburg mica factory was used in the study.
Cinder waste of the thermal power plant, volcanic ash with a maximum grain size of 0.16 mm of Zayukovsky deposit, and volcanic tuff sawing waste with a maximum grain size of 5 mm of Zayukovsky deposit were used as silica components. Table 1 presents the chemical composition of volcanic tuff sawing waste of Zayukovsky deposit and cinder. Tuff sand  10  5  18  21  11  35 Surface-active air-entraining admixture is saponified wood resin (SWR).
Fiber reinforcement is basalt fibers RVB-9-1200-4c of Ivotsteklo JSC with the following characteristics: diameter of the elementary fiber d = 9 μm; elastic modulus Е = (91-110) • 10 3 MPa; breaking strength P = 40 kgf.
Ferrocement was reinforced with woven mash No. 8-07 (GOST 3826-82) with a mesh size of 8×8 mm and a wire diameter of 0.7 mm.
Production of vermiculite concrete specimens from the raw mixture involves preparation of vermiculite, volcanic ash, tuff sand and quicklime; preparation of the mixture; molding and natural-air drying of products.
Air lump lime was pre-crushed in a jaw crusher and then finely ground in a ball mill. Volcanic ash was sieved through 0.16 sieve and dried in a drying cabinet to constant mass. Preparation of the mixture was carried out in a forced action concrete mixer. Vermiculite was introduced into the preprepared mixture of Portland cement, ash (cinder, tuff sand) and water. The specimens of 4x4x16 cm were molded using casting and vibrating methods and then exposed to natural-air drying. The specimens were tested in accordance with GOST 23789-79.
The flowability of the vermiculite concrete mixture was determined by immersion of the reference cone (GOST 5802-78) and using a Suttard's viscometer.
The study employed the methods of mathematical planning of experiments and the methods of statistical data processing [8] [9] [10] .
To study the fire resistance efficiency of the proposed compositions, ferrocement slabs with a fire-resistant layer were molded. A 20 mm thick ferrocement layer was molded on a standard vibrating plate. The protective layer of the woven mesh was twisted and laid prior to reinforcement of the underlying layer of fine-grained concrete mixture. The fireresistant layer of the vermiculite concrete composite was molded using the vibration method and then exposed to naturalair drying.
The fire-resistant properties of vermiculite concrete composites were studied through testing of the fire resistance of 190×190 mm specimens on the electric furnace in a horizontal position according to the temperature regime of a "standard" fire specified in GOST 30247.1-94. The fire resistance limit of bearing capacity (R) of ferrocement slabs was determined by heating the woven mesh in the structural layer (at the boundary of the layers) up to 300°C. The fire resistance limit of thermal insulating capacity (I) was determined by the temperature increase of the structure on the unheated surface by more than 140°C compared to its temperature before the test.
The reinforcing bar temperature was measured using lowinertia chromel-alumel thermocouples, which were embedded with fine-grained concrete. Chromel-alumel thermocouples with a copper disc of 15 mm in diameter were placed on the unheated surface of the ferrocement specimens, and thermal indicators TP 167 о С were applied.
The temperature between the ferrocement and vermiculite concrete layers on the unheated ferrocement surface was automatically recorded using a KSP-4I potentiometer.
III. RESULTS
Preliminary studies of molding the vermiculite concrete specimens on the vibrating plate showed that it is possible to produce vermiculite concrete with an average density of at least 400-500 kg/m 3 using the vibrating method and to ensure the required quality of their placement.
The effect of flowability of the vermiculite concrete mixture on the properties of vermiculite concrete during molding on a standard vibrating plate ( Table 3 ) was studied. The flowability of the vermiculite concrete mixture during specimen molding varied from 3 to 8 cm according to the immersion of the cone. It was revealed that changes in the mixture flowability from 7-8 cm to 3-4 cm significantly strengthen the properties of vermiculite concrete (1:2, 1:3 and 1:4) with the same vibration parameters. Changes in the vibration duration of the vermiculite concrete mixture with the flowability of 4 cm from 30 to 60 s do not have a noticeable effect on the strength properties of vermiculite concrete. Table 4 shows the effect of air-entraining saponified wood resin to reduce the average density of vermiculite concrete, to improve its workability and to prevent stratification. The study showed that the air-entraining admixture SWR in the amount of 0.3-0.4% of the mass of Portland cement significantly reduces water consumption in vermiculite concrete mixture: for mixture volume ratio 1:2up to 12.5%; for mixture volume ratio 1:3up to 24%; for mixture volume ratio 1:4up to 26% ( Table 4 ). The air-entraining admixture SWR reduces the average density of vermiculite concrete by 35-60 kg/m 3 (4-9%). At the same time, the compressive and flexural strength of vermiculite concrete with and without admixtures remain practically unchanged for 28 days. Table 5 shows the effect of replacing part of Portland cement with cinder on the physico-mechanical properties of vermiculite concrete to reduce the consumption of Portland cement in vermiculite concrete and to enhance its heat-resistant properties. The fire-resistant properties of the proposed compositions of vermiculite concrete composites with cinder and SWR were studied (Fig. 1 ). Fig. 1 . Temperature changes on the unheated surface of specimens without thermal insulation during fire tests: 1 is 20 mm thick ferrocement layer; 2 is 20 mm thick layer of ferrocement and 15 mm thick layer of vermiculite concrete at a ratio of 1:2; 3 is similar composition at a ratio of 1:3; 4 is similar composition at a ratio of 1:4; 5 is 20 mm thick ferrocement layer and 20 mm thick layer of vermiculite concrete at a ratio of 1:3.
The study showed high fire resistance of the ferrocement component with a fire-resistant layer of vermiculite concrete. For example, based on heating of the unheated surface by more than 160°C, the fire resistance of ferrocement with 15 mm thick layer of vermiculite concrete (1:3) was 90 minutes.
In further studies, the effective fire-resistant gypsum concrete composites were produced using the following materials: semi-aquatic gypsum; calcium air lime; exfoliated vermiculite; volcanic tuff sawing waste of Zayukovsky deposit; surface-active air-entraining admixture SWR (Table 6 ). The developed compositions with similar density and compressive strength of the fire-resistant concrete can significantly reduce the consumption of gypsum. The use of quicklime as a causative agent of latent hydraulic activity of tuff sand makes it possible to reduce the consumption of gypsum by 26.3-30.6% without reducing the strength of fire-resistant concrete. In addition, the setting time is slowed down, and the coefficient of water resistance of gypsum concrete composites increases when the content of the surface-active admixture SWR is 0.15-0.2% of the binder mass, water consumption in the mixture significantly decreases, the average density of the concrete composite decreases by 30-40 kg/m 3 . After 28 days, the strength properties of the gypsum lime vermiculite concrete composite with and without admixtures remain practically unchanged. Figure 2 presents the test results on the fire resistance of ferrocement slabs with a fire-resistant layer of the gypsum lime vermiculite concrete composite. Figure 2 shows that the developed gypsum lime vermiculite concrete composites ensure higher fire resistance of reinforced cement slabs compared to gypsum vermiculite tuff concrete ones. This is due to the formation of the tobermorite group of hydrosilicates, iron wollastonite and allophane, which have higher heat-resistant properties compared to calcium sulphate dihydrate. In addition, SWR makes the gypsum lime vermiculite tuff concrete composite air-entrained, which contributes to the improvement of fire-resistant properties. Compositions with an average density of 540 kg/m 3 exhibit the highest fire-resistant properties.
The study of vermiculite concrete composites was carried out using volcanic ash and air-entraining admixture SWR. Table 7 summarizes the results obtained. Table 7 shows that the proposed compositions with less consumption of Portland cement and less density have the compressive and flexural strength equal to those in the control compositions, which is due to the porosity and hydraulic activity of volcanic ash, as well as the SWR air entrainment. The use of quicklime and gypsum as a causative agent of latent hydraulic activity of volcanic ash significantly reduces the consumption of cement without reducing the strength of the fire-resistant composite. The introduction of the surface-active admixture SWR in the amount of 0.1-0.3% of the binder mass significantly reduces water consumption in the mixture. The average density of the concrete composite is reduced by 40-50 kg/m 3 .
The developed vermiculite concrete composites with volcanic ash have disadvantages such as brittleness, and relatively low flexural and compression strength. The effect of reinforcement parameters of basalt fibers on their properties using a rotatable plan of the second order of the type of regular hexagon was investigated to obtain composites with the improved strength and fire-resistant properties. Table 8 presents the composition of the initial concrete matrix and its physico-mechanical properties for reinforcement with basalt fibers. The main parameters of dispersed reinforcement were studied:
X is the ratio of fiber length to its diameter d l . The following parameters were considered as optimization ones: Table 9 presents the experiment matrix. The following regression equations in the encoded form are obtained after processing of the experimental data: 2 2 3,6 0,2 0,3 0,9 0,12 ; 1 1 1 2 1 2 2 2 2,6 0,2 0,65 0,65 .
According to the regression equations, the response surfaces are constructed ( Fig. 3) .
Analysis of the obtained equations and response surfaces showed that the highest values of compressive strength can be observed in the plan area for Further studies were aimed to investigate the fire-resistant properties of fiber vermiculite concrete composites using volcanic ash (Fig. 4) .
As can be seen in Figure 4 , the developed fiber vermiculite concrete composites ensure higher fire resistance of ferrocement slabs compared to cement vermiculite concrete. This is due to better integrity of the fire-resistant layer when exposed to high temperatures as a result of dispersed reinforcement with basalt fibers. In addition, SWR makes fiber vermiculite concrete composites air-entrained, which contributes to the enhancement of fire-resistant properties. Compositions with an average density of 480 kg/m 3 exhibit the highest fire-resistant properties.
Sunflower R b , MPa R f , MPa Thus, the compositions of fire-resistant vermiculite concrete composites were developed using silica components (cinder, tuff sand and volcanic ash) for fire protection of building structures. The introduction of the admixture SWR into the vermiculite concrete mixture improves its rheological characteristics and reduces the average density of the composite. Up to 20-25% of the mass of Portland cement can be replaced by cinder, tuff sand and ash without significant deterioration of the properties of vermiculite concrete. Dispersed reinforcement of cement vermiculite concrete with basalt fibers increases the strength and fire-resistant properties of the initial matrix. The highest values of compressive strength are found in the plan area for 0,35 0,65%
